We analysed the genotypes of 325 Mycobacterium tuberculosis clinical isolates obtained during 2002 throughout Japan. The genotyping methods included insertion sequence IS6110 RFLP, spoligotyping and variable number of tandem repeat (VNTR) analyses. Clustered isolates revealed by IS6110 RFLP analysis accounted for 18.5 % (60/325) of the isolates. Beijing genotype tuberculosis (TB) accounted for 73.8 % (240/325) of the isolates. Using VNTR, we analysed 35 loci, including 12 standard mycobacterial interspersed repetitive units and 4 exact tandem repeats. The discriminatory power of these 16 loci was low. Using VNTR analyses of the 35 loci, 12 loci (VNTRs 0424, 0960, 1955(VNTRs 0424, 0960, , 2074(VNTRs 0424, 0960, , 2163b(VNTRs 0424, 0960, , 2372(VNTRs 0424, 0960, , 2996 were selected for the genotyping of Beijing genotype strains. Comparison of the discriminatory power of the 12-locus VNTR [Japan Anti-Tuberculosis Association (JATA)] to that of the 15-locus and 24-locus VNTRs proposed by Supply et al. (2006) showed that our established VNTR system was superior to the reported 15-locus VNTR and had almost equal discriminatory power to the 24-locus VNTR. This 12-locus VNTR (JATA) can therefore be used for TB genotyping in areas where Beijing family strains are dominant.
INTRODUCTION
RFLP analysis using insertion sequence IS6110 is the gold standard of tuberculosis (TB) genotyping (Cave et al., 1991; Kremer et al., 1999; van Embden et al., 1993) . However, this RFLP analysis has many associated problems (Mostrom et al., 2002) .
Spoligotyping has been used throughout the world as a convenient and reproducible PCR-based method for genotyping (Kamerbeek et al., 1997) . Nevertheless, it provides little information related to Beijing family strains because spoligotypes of this genotype family show very little variation (Glynn et al., 2002; Kremer et al., 2004) . In the countries of eastern Asia, the frequency of Beijing genotype TB is high. For that reason, spoligotyping is ineffective to discriminate unrelated isolates.
Analysis of variable number of tandem repeat (VNTR) loci is a promising PCR-based typing method. In VNTR analysis, some mini-satellite loci in the Mycobacterium tuberculosis genome are amplified using PCR; then their copy numbers are determined (Smittipat & Palittapongarnpim, 2000; Supply et al., 2000) . In fact, VNTR analysis with the standard 12 loci of mycobacterial interspersed repetitive units (MIRUs) has been used in the USA and Europe (Blackwood et al., 2004; Mazars et al., 2001) . The Centers for Disease Control and Prevention (CDC) in the USA have adopted the standard 12-locus MIRU-VNTR for TB analyses (Cowan et al., 2005; CDC, 2004) . However, the discriminatory power of 12-locus MIRU-VNTR has been found to be insufficient (Supply et al., 2006) , which similarly applies to Beijing genotype TB analyses (Kam et al., 2005; Kremer et al., 2005; Nikolayevskyy et al., 2006) . Several reports have described other loci. Almost all corresponding loci have been described in the relevant literature (Iwamoto et al., 2007; Kam et al., 2006; Wada et al., 2007) .
It is noteworthy that a new 15-locus or 24-locus MIRU-VNTR method has been proposed in Europe (Oelemann et al., 2007; Supply et al., 2006) . These new VNTR loci have had a distinct impact on genotyping of the Beijing family, but some large clusters remain (Iwamoto et al., 2007) . Therefore, several VNTR loci must be added to the reported 15-locus VNTR method for analyses of Beijing genotype strains (Yokoyama et al., 2007) .
For exploring the diversity of VNTR loci, we performed genotyping of IS6110 RFLP, spoligotyping and 35-locus VNTR analysis using TB isolates from all over Japan. Based on these results, we propose a VNTR system that has the same discriminatory power as RFLP for analysis of a minimum number of loci in countries where the Beijing family has spread. Moreover, the results provide useful information for molecular epidemiological analyses of TB in regions where the Beijing genotype is dominant.
METHODS
M. tuberculosis isolates. In all, 325 M. tuberculosis isolates, 3-10 strains per prefecture, were selected randomly from among 3122 isolates collected for a drug-resistance survey conducted in Japan in 2002 by the Tuberculosis Research Committee (RYOKEN). The isolates that we analysed had been originally considered as low cluster because the possibility of contact among patients was quite low. For comparing results of RFLP and VNTR analyses, 76 M. tuberculosis isolates were collected from 25 suspected epidemic outbreaks, along with epidemiological information. The epidemiologically linked 17 clusters (54 strains) showed the same RFLP pattern in each case. The 8 initially suspected TB patient clusters (22 strains) were found to be independent simultaneous occurrences: each strain had a different RFLP pattern. Mycobacterial genomic DNA was prepared from bacteria grown on Ogawa medium using an Isoplant kit (Nippon Gene).
Molecular typing methods. For this study, IS6110 RFLP typing was performed according to a standardized protocol (van Embden et al., 1993) ; band patterns were analysed using the BioNumerics software package (Applied Maths). In RFLP analysis, strains that have an identical band pattern were categorized as a cluster. Spoligotyping was also performed according to a standard protocol (Kamerbeek et al., 1997) . Sequences of primers used for amplification of 12 MIRU loci 04, 10, 16, 20, 23, 24, 26, 27, 31, 39 and 40) , 4 exact tandem repeats (ETRs) (ETR-A, B, C and F) and 19 other loci (VNTRs 0424, 1612 (VNTRs 0424, , 1895 (VNTRs 0424, , 1955 (VNTRs 0424, , 2074 (VNTRs 0424, , 2163a (VNTRs 0424, , 2163b (VNTRs 0424, , 2347 (VNTRs 0424, , 2372 (VNTRs 0424, , 2401 for VNTR were selected (Frothingham & Meeker-O'Connell, 1998; Iwamoto et al., 2007; Roring et al., 2002; Smittipat et al., 2005; Supply et al., 2001 Supply et al., , 2006 . The VNTR typing was performed using Ex Taq with GC PCR buffer I (Takara Bio). The PCR mixture was prepared in a 20 ml volume with 16GC PCR buffer I, 0.5 U Ex Taq, 200 mM each of four dNTPs, 0.5 mM each of the primer set and 10 ng template DNA. Then PCR was carried out for all loci under the following conditions: initial denaturation at 94 uC for 5 min, and then 35 cycles of 94 uC for 30 s, 63 uC for 30 s and 72 uC for 3 min, followed by a final extension at 72 uC for 7 min.
Estimation of molecular size of amplified DNA fragments. The sizes of the amplified DNA fragments were determined using a capillary array electrophoresis analysis system (i-Chip SV1210; Hitachi Electronics Engineering) (Sonehara et al., 2006) or an ABI 3130 genetic analyser (Applied Biosystems) with the GeneMapper program (Applied Biosystems). The i-Chip was used to calibrate VNTR analysis and the genetic analyser was used to analyse the standard 12 loci MIRU (Iwamoto et al., 2007; Supply et al., 2001) . Alternatively, the PCR products were analysed in a 2-2.5 % agarose gel. Their respective copy numbers were calculated from their size and assigned according to the number of repeats for each locus (Frothingham & Meeker-O'Connell, 1998; Kremer et al., 2005; Skuce et al., 2002; Supply et al., 2001) . The calculation accuracy was confirmed through analysis of M. tuberculosis H37Rv.
Allelic diversity and discrimination. The allelic diversity (h) at each VNTR locus was calculated using the index h512Sx i 2 , where x i is the frequency of the ith allele at the locus, as used in other studies (Kremer et al., 2005; Sun et al., 2004) . The Hunter-Gaston discriminatory index (HGDI) was calculated in accordance with a method explained in another paper (Hunter & Gaston, 1988) to evaluate the combination of some VNTR loci.
Combinations of VNTR loci. For the following combination of VNTR loci, the HGDI were compared: 15-locus VNTR [Supply (15) ] -VNTRs 0424, 0577, 0580, 0802, 0960, 1644 , 1955 , 2163b , 2165 , 2401 , 2996 24-locus VNTR [Supply (24) ] -Supply (15)+VNTRs 0154, 2059, 2347, 2461, 2531, 2687, 3007, 3171 and 4348 ; 12-locus VNTR [Japan Anti-Tuberculosis Association (JATA) (12)] -VNTRs 0424, 0960, 1955, 2074, 2163b, 2372, 2996, 3155, 3192, 3336, 4052 and 4156 .
RESULTS AND DISCUSSION RFLP, spoligotyping and MIRU-VNTR analyses in Japan
From throughout Japan, 325 collected isolates were analysed using IS6110 RFLP (Table 1 ). The percentage of clustered isolates was 18.5 % (60/325). In spoligotyping, 293 (90 %) isolates formed clusters; the maximum cluster size was 228. The largest cluster was composed of the Beijing genotype [70.2 % (228/325)]. Because the number of Beijing-like strains was 12 (Kremer et al., 2004) , the total of Beijing genotype strains used in this experiment was 240 (73.8 %). The Beijing family strains were confirmed to be dominant in Japan. The CDC in the USA has adopted the standard 12-locus MIRU-VNTR for TB analyses (Cowan et al., 2005; CDC, 2004) . We analysed the 325 TB isolates using 12-locus MIRU-VNTR and 16-locus VNTR (12 standard MIRU and 4 ETRs). There were only 89 unique types in the 12-locus MIRU-VNTR. The percentage of clustered isolates decreased from 72.6 % (12-MIRU-VNTR) to 62.8 % (16-locus VNTR) when the ETR loci were added to 12-locus MIRU analysis. Both rates of clustered isolates in VNTR analysis were higher than in RFLP (18.5 %). Furthermore, the HGDI showed that the discriminatory power of IS6110 RFLP was the highest of all analyses used for this study: spoligotyping, 12-locus MIRU-VNTR and 16-locus VNTR.
An optimal 15-locus VNTR has been proposed by a consortium of European and American laboratories as a new worldwide standard method for discriminating TB genotypes using 52 different groups of related strains from different countries (Supply et al., 2006) . This VNTR method can discriminate in greater detail than the standard 12-locus MIRU-VNTR when the Beijing genotype of TB is analysed. However, it has been reported that the discriminatory power of 15-locus VNTR is insufficient for analysis of the Beijing genotype (Iwamoto et al., 2007) . The frequency of the Beijing family in Japan (80 % of total TB) (Yokoyama et al., 2007) differs greatly from that in the USA (16 %) and European countries (4 %) (Filliol et al., 2002) . For that reason, new loci are necessary to analyse the Beijing family more effectively in Japan, Korea, China and other Asian countries.
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VNTR analyses of 19 loci
Different loci from those used for the USA or European countries must be examined when VNTR analysis is adopted for TB genotyping in Japan. Actually, VNTR analyses of 48 loci using 21 Beijing isolates have been reported (Smittipat et al., 2005) . Some loci that had high h for Beijing genotyping strains and other loci, such as Queen's University Belfast (QUB), were selected (Skuce et al., 2002) . In fact, 19 loci of 325 TB isolates were analysed using VNTR (Table 2) . It was generally difficult to obtain the exact copy number using agarose gel electrophoresis in VNTR analysis when the molecular size of the PCR product was greater than 1 kb. More than 15 copies of repetitive units (larger than 1 kb) were detected at VNTRs 2163a, 2163b, 1895, 3232, 3336, 3820 and 4120. Only a few isolates had more than 15 copies of repetitive units at the loci of VNTRs 2163b, 1895 and 3336. However, for analyses of VNTRs 2163a, 3232, 3820 and 4120, more than 4 % of total isolates (18, 86, 50 and 14 strains, respectively) had 15 or more copies. For that reason, it was difficult to interpret the exact copy number. Furthermore, multiple PCR products were detected at the respective loci of VNTRs 2163b, 3232, 3336, 3820, 4120 and 4156. These had the potential to be unstable loci in VNTR analysis, and might be in the process of copy number change. Moreover, no PCR product was found in analyses of VNTRs 2163a, 2163b, 4052, 0424 and 2347.
From Japan, it was reported that VNTRs 3232, 3820 and 4120 are the hyper-variable loci (Iwamoto et al., 2007; Wada et al., 2007; Yokoyama et al., 2007) . More than 5 % of total isolates presented analytical problems (absence of PCR product, PCR products difficult to interpret or amplification of multiple alleles) at the loci of VNTRs 2163a, 3232, 3820 and 4120. Therefore, to obtain stable and precise VNTR results, these four loci were excluded from VNTR analyses of Beijing family strains.
New combination of VNTR loci for TB typing in Japan
The discriminatory power of each locus, based on the h values of all isolates, is presented in Table 3 . The h of nonBeijing family strains was higher than that of the Beijing strain, except for VNTRs 0424, 2163b and 4156. These three loci were indispensable for distinction of the Beijing family.
One purpose of this study is to establish a new VNTR system with equal discriminatory power to that of RFLP using a minimum loci analysis in countries where the Beijing family is prevalent. Combinations of some loci, such as the top 8 loci (8-locus VNTR), top 10 loci (10-locus VNTR) or top 12 loci (12-locus VNTR), were compared to those of IS6110 RFLP (Table 1) in terms of several characteristics, such as the number of unique isolates and clusters. In fact 8-locus VNTR had resolution performance that was equal to IS6110 RFLP analysis in terms of the number of independent isolates and the rate of clustered isolates. Therefore, the 10-locus and 12-locus VNTRs were superior to IS6110 RFLP. However, the quantities of clusters in VNTR analysis were comparable to those of RFLP only when 12-locus VNTR was used. Consequently, the primer set of the 12-locus VNTR (JATA) was ultimately selected for VNTR analysis in Japan.
Comparison of the discriminatory power of IS6110 RFLP and VNTR analyses
A novel standard, optimized 15-locus and 24-locus VNTR primer sets (Supply et al., 2006) , was proposed recently (Table 3 ). The respective discriminatory powers of IS6110 RFLP and VNTRs [15-locus (Supply) (Supply et al., 2006) , 24-locus (Supply) and 12-locus (JATA)] were compared using the percentage of clustered isolates (Fig. 1) . The fraction of clustered isolates of 12-locus VNTR (JATA) 6  15  23  27  58  114  18  11  5  1  1895  3  40  14  255  3  4  4  2  1955  4  29  41  141  71  31  2  1  1  3  1  2074  18  83  179  39  6  2372  1  22  78  156  58  7  3  2401  6  114  4  200  1  3232  1  1  8  2  23  25  5  8  6  17  18  27  36  22  40  86  3336  1  3  13  8  20  138  59  20  16  7  17  9  7  2  2  1  2  3820  1  2  9  10  32  9  6  9  12  14  8  31  51  44  37  50  4120  3  1  19  26  25  27  11  19  21  28  29  44  21  19  9  9  14  4156  1  12  96  75  131  10  0424  1  15  72  61  171  4  1  2347  1  13  8  302  1  3171  1  2  319  3  3690  6  17  248  19  21  7  7 *The number of strains that had more than 15 copies in the locus are represented together in this column.
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Journal of Medical Microbiology 57 (12.6 %) was superior to that of RFLP (18.5 %) and 15-locus VNTR (Supply) (17.2 %) in this experiment. The respective discriminatory capabilities of 15-locus and 24-locus VNTR (Supply) and 12-locus VNTR (JATA) were better than that of IS6110 RFLP.
Our newly established 12-locus VNTR (JATA) typing method had almost equivalent discriminatory power to that of 24-locus VNTR (Supply) for TB genotyping, although it uses only 12 loci. In the 12-locus VNTR (JATA), 8 loci overlap with the 15-locus and 24-locus VNTRs (Supply): 4 loci (VNTRs 2074, 2372, 3155 and 3336) are independent. In the Supply VNTR typing method (Supply et al., 2006) , VNTR 3336 was discarded from the final selection for detection because of the following observations: it gave multiple PCR products, it did not give a PCR product and there was a lack of reproducibility between results obtained in independent laboratories. 'No PCR amplification' represents a characteristic typing datum; it indicates that the strain has different sequences in the primer binding site or has no such region. In addition, detection of a multiple PCR product might signify that a conversion of copy number is occurring at the locus, meaning that the genetic stability of such loci is not high. Supply et al. (2006) .
Promising loci of VNTR for typing Beijing family TB
Our data showed that the h of VNTR 3336 gave a maximum value in non-Beijing TB analysis (Table 3 ). The genetic clock of VNTR 3336 in non-Beijing genotypes might be faster than that of Beijing strains. Therefore, the locus of VNTR 3336 in non-Beijing strains might be unstable and that in Beijing strains might be stable. Consequently, the locus of VNTR 3336 might be used in 12-locus VNTR (JATA).
In this study, 325 independent isolates (with no epidemiological link) were collected and analysed. Results show that only four strains formed clusters in both the RFLP (60 strains) and VNTR (41 strains) methods: RKN 246, RKN 275, RKN 283 and RKN 319. The remaining clusters were subdivided using the other method. Cluster 08 of RFLP analysis comprised six strains including the four clustered strains. By 12-locus (JATA) VNTR, cluster 08 was further divided into three groups (Fig. 2) . The two remaining strains (RKN 177 and RKN 215) showed independent patterns. Differences of copy number in the two strains were found in two loci. The respective discriminatory powers of RFLP and VNTR analyses were different. The maximum cluster sizes in IS6110 RFLP and JATA (12) VNTR were, respectively, 8 and 4 (data not shown). The 12-locus (JATA) VNTR had a higher discrimination power than RFLP analysis did.
Analysis of clinical isolates from a suspected outbreak using 12-locus VNTR (JATA)
For examining the effectiveness of the 12-locus VNTR (JATA), 25 clusters (76 strains in total) were analysed. Of them, 17 clusters (54 strains) for which the RFLP patterns were identical in each group had the same VNTR profile (data not shown). Eight initially suspected TB patient clusters (22 strains) were not outbreak related (concurrence of TB): their IS6110 RFLP showed different patterns. These strains are clearly independent. Therefore, the VNTR profile was also expected to show variant patterns in the respective groups. The VNTR analyses using 12-locus VNTR (JATA) showed that each strain had a different profile in at least 5 loci, except for case 6. Analyses of the other isolates also revealed that the discriminatory power of 12-locus VNTR (JATA) was roughly equivalent to that of IS6110 RFLP analysis.
In case six, strains S-054 and S-160 differed by only one locus (VNTR 2074). Their RFLP patterns were notably different (data not shown). This concomitant change in two independent markers suggests that these two isolates originated from independent clones. They could still very well represent an outbreak if strains were to have highly similar RFLP (differing by only one or two bands) and have identical VNTR profiles. It is impossible to determine whether or not this was a mass infection case. For that reason, a conclusion should be offered only after considering all results, including contact examination and epidemiological investigation. 
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In VNTR analysis, the frequency of copy number conversion at each locus remains unclear. The copy number was found to be changed at VNTRs 3232 and 3690 (Iwamoto et al., 2007) when the cloned isolate was cultured for 7-23 months. Furthermore, one repeat difference has been reported at MIRU-26 (Savine et al., 2002) . In these cases, conversion of the copy number was found at a single locus. Other reports have described that the copy quantities of VNTR changed at multiple loci (Supply et al., 2006; van Deutekom et al., 2005) . The frequency of conversion of tandem repeats depended on each locus. Therefore, the accumulation of data related to the stability of each locus is a task of pressing urgency.
The TB isolates without epidemiological links were clearly classified according to differences of VNTR profiles (Oelemann et al., 2007) . It is impossible to conclude whether two strains are derived from the same origin, or not, merely by VNTR analysis when a difference of copy number is observed in one or two loci. When more detailed typing is required in a survey IS6110 RFLP or other loci, including hyper-variable regions in the VNTR, might be used.
Molecular epidemiological analyses are useful both for transmission surveys and population-based retrospective studies. A recent report described that up to 14 % of the strain clusters identified by IS6110 RFLP analyses might include false clustering (van Deutekom et al., 2005) . Apparently, true TB genotyping clusters are obtainable through VNTR analysis because it can analyse M. tuberculosis objectively when suitable loci are selected.
For the present PCR platform, analyses of 8 or 12 samples are convenient. Herein, we propose this 12-locus VNTR as a useful means for TB genotyping where Beijing strains are prevalent. This is one report proposing new VNTR loci for Beijing strains. These loci do not represent a final decision. Additional loci can be chosen for TB genotyping in VNTR analysis if further discrimination is necessary. In addition, when the four loci selected here (VNTRs 2074, 2372, 3155 and 3336) are added to 15-locus VNTR (Supply), both genotypes of Beijing and non-Beijing can be analysed.
In this report, we propose new combinations of loci for VNTR analysis for the Beijing family. Furthermore, this study shows that JATA (12) VNTR has higher discriminatory power than IS6110 RFLP. However, the stability of each locus in VNTR analysis remains unknown. To obtain accumulated data, additional experiments are necessary.
